The compounds β -RE(BO 2 ) 3 [RE = Nd (neodymium meta-borate), Sm (samarium meta-borate) and Gd (gadolinium meta-borate)] were synthesized under high-pressure and high-temperature conditions in a Walker-type multianvil apparatus at 3.5 GPa (Nd), 7.5 GPa (Sm, Gd) and 1050 • C. The crystal structures were determined by single crystal X-ray diffraction data collected at r. t. (Sm, Gd) and at −73 • C (Nd), respectively. The structures are isotypic with the already known ambient-pressure phases β -RE(BO 2 ) 3 (RE = (Tb, Dy) and the high-pressure phases β -RE(BO 2 ) 3 (RE = Ho-Lu).
Introduction
In recent years, a systematic investigation of rare earth meta-borates with the composition RE(BO 2 ) 3 under ambient-and high-pressure conditions led to the discovery of new modifications and the clarification of the stability ranges. Up to now, four modifications of rare earth meta-borates are known, designated chronologically as α-, β -, γ-, and δ -RE(BO 2 ) 3 . The monoclinic phases α-RE(BO 2 ) 3 (RE = La [1, 2] , Ce [3] , Pr [4] , Nd [5, 6] , Sm [7] , Eu [8] , Gd [7] , Tb [9] ) crystallize in the space group I2/a. They are built up of chains of triangular [BO 3 ] 3− and tetrahedral [BO 4 ] 5− units, representing the longest known phases. In 2003, Nikelski and Schleid solved the structure of the second polymorph β -RE(BO 2 ) 3 (RE = Tb), built up exclusively of [BO 4 ] 5− tetrahedra, forming corrugated layers [10] . This second modification was also observed with RE = Dy under ambient-pressure conditions. However, the synthesis of the β -modification with the smaller rare earth cations Ho-Lu required the use of high-pressure / high-temperature conditions (7.5 GPa, 1273 K) [11] . In 2004, we were able to realize a third modification γ-RE(BO 2 ) 3 with the larger rare earth cations La-Nd at 7.5 GPa and 1273 K, which exhibits a highly condensed network of [BO 4 ] 5− tetrahedra [12] . Due to the remarkable difference between ambient-pressure conditions and 7.5 GPa, we investigated the pressure range below 7.5 GPa and discovered a fourth modification, δ -RE(BO 2 ) 3 , at 5. 3 (RE = Nd, Sm, and Gd), about which we report below.
Experimental Section
The starting materials for the syntheses of β -RE(BO 2 ) 3 (RE = Nd, Sm, Gd) were 3 : 1 molar mixtures of B 2 O 3 (Strem Chemicals, Newburyport, USA; 99.9 %) with the rare earth oxides RE 2 O 3 (RE = Nd, Sm, Gd; 99.9 %). The compounds were compressed and heated via a multianvil assembly. Details of the assembly can be found in the literature [15 -18] . For the synthesis of β -Nd(BO 2 ) 3 , an 18/11 assembly was compressed within 80 min to 3.5 GPa and heated to 1323 K in the following 25 min. Having maintained this temperature for 5 min, the sample was cooled to about 700 K during further 25 min. Afterwards, the sample was quenched to r. t. For the syntheses of β -RE(BO 2 ) 3 (RE = Sm, Gd), an 18/11 (Gd) and an 14/8 assembly (Sm) were compressed within 3 h (18/11) / 2 h (14/8) up to 7.5 GPa and heated up to 1323 K in the following 10 min. Having kept this temperature for 10 min, the samples were cooled down to r. t. within 10 min. After the de- 
Crystal structure analysis
Small, irregularly shaped single crystals of the compounds β -RE(BO 2 ) 3 (RE = Nd, Sm, Gd) were first examined through a Buerger camera, equipped with an image plate system (Fujifilm BAS-1800) in order to establish both the symmetry and the suitability for intensity data collection. The single crystal intensity data were collected at r. t. (Sm, Gd) and at −73 • C (Nd) by a Stoe IPDS-I diffractometer with graphite-monochromatized MoK α radiation (λ = 71.073 pm). For β -Nd(BO 2 ) 3 , an empirical absorption correction was applied on the basis of ψ-scan data. A numerical absorption correction (HABITUS [19] ) was used for the data of β -RE(BO 2 ) 3 (RE = Sm and Gd). All relevant details of the data collections and evaluations are listed in Table 1. The atomic parameters of β -Dy(BO 2 ) 3 [11] were taken as starting values for all three meta-borates, and the structures were refined by full-matrix least-squares on F 2 using SHELXL-97 [20] . Anisotropic atomic displacement parame- Results and Discussion Fig. 1 shows a view of the crystal structure of β -RE(BO 2 ) 3 , which is composed of strongly corrugated layers of corner sharing [BO 4 ] 5− tetrahedra. A detailed description of this structure type can be found in the references [10] and [11] . The characteristic aspects of the new compounds are briefly reported in the following.
The B-O bond lengths in β -RE(BO 2 ) 3 (RE = Nd, Sm, Gd) are in the range of 142.3(2) -153.4(2) pm in β -Nd(BO 2 ) 3 , 143.3(2) -153.5(2) pm in β -Sm(BO 2 ) 3 , and 142.8(6) -153.1(5) pm in β -Gd(BO 2 ) 3 , similar to (2) Table 5 and Fig. 2 present a survey of the lattice parameters of all known β -RE(BO 2 ) 3 phases (RE = Nd-Lu except Pm and Eu). The new meta-borates fit well into the scheme of the known compounds. Nd 3+ , Sm 3+ , and Gd 3+ represent the largest rare earth ions in this series, and here we also observe the trend towards a much more slowly decreasing lattice parameter b in contrast to a and c, as we already noted for the compounds β -RE(BO 2 ) 3 (RE = Dy-Lu). This is caused by the ability to contract more strongly along the a and c direction in the crystal structure (Fig. 1) , in contrast to b (layers of [BO 4 ] 5− tetrahedra), in accordance with the shrinking radius of the RE 3+ ions (lanthanoid contraction). Fig. 3 illustrates the modifications of all rare earth meta-borates synthesized up to now. The scheme distinguishes between syntheses under ambient-(X) and high-pressure (∅) conditions. Next to La(BO 2 ) 3 , which can be synthesized in three different modifications (α, β , δ ), Nd(BO 2 ) 3 is the second example, that can be synthesized in three different structures (α, β , γ), depending on the applied pressure. Up to now, it is not clear if the phases β -RE(BO 2 ) 3 (RE = Nd, Sm, Gd) can also be synthesized under ambient-pressure conditions, as it is possible for RE = Tb, Dy. However, high-pressure conditions favour the formation of the β -modifications due to the densification effect [21] . At pressures of 3.5 GPa (Nd) and 7.5 GPa (Sm, Gd) the compounds crystallize in the orthorhombic β -RE(BO 2 ) 3 structure, possessing a higher density than the corresponding α-phases. E. g., α-Nd(BO 2 ) 3 has a density of 4.50 g cm −3 and the more dense modification β -Nd(BO 2 ) 3 presented here exhibits a value of 4.82 g cm −3 . In analogy, β -Sm(BO 2 ) 3 and β -Gd(BO 2 ) 3 possess values of 4.96 and 5.18 g cm −3 , which are higher than the densities of the α-modifications with 4.63 and 4.84 g cm −3 , respectively.
Thermal behaviour of β -Sm(BO 2 ) 3 and β -Gd(BO 2 ) 3 In situ X-ray powder diffraction experiments were performed on a STOE STADI P powder diffractometer (MoK α radiation, λ = 71.073 pm) with a computer controlled STOE furnace: The sample was enclosed in a quartz capillary and heated from r. t. to 500 • C in 100 • C steps, and from 500 • C to 1100 • C in 50 • C steps. Afterwards, the sample was cooled down to 500
• C in 50
• C steps, and from 500
• C to r. t. in Interestingly, the thermal behaviour of β -Sm(BO 2 ) 3 and β -Gd(BO 2 ) 3 is different. For β -Sm(BO 2 ) 3 , we observe a transformation of the high-pressure β -phase into the normal-pressure α-phase in the temperature range 1000 -1050 • C. At r. t., α-Sm(BO 2 ) 3 is the only detectable phase. In contrast, β -Gd(BO 2 ) 3 starts to decompose at 900 • C into the high-temperature orthoborate µ-GdBO 3 [22, 23] and presumably B 2 O 3 . The latter is not detectable in this measurement, because it is liquid at this temperature (melting point of B 2 O 3 : 475 • C). The decomposition process is complete at 1100
• C. Successive cooling to r. t. reveals the transformation of the high-temperature phase µ-GdBO 3 into the room-temperature phase π-GdBO 3 in the temperature range 600 -500 • C. At r. t., boron oxide remains in an amorphous state.
